The ideal timing and modality of femur shaft fracture fixation in head-injured patients remains a topic of debate. Several groups advocate the immediate definitive fixation of femur fractures (''early total care''), whereas others support the concept of ''damage control orthopaedics'' with temporary fracture fixation by means of external fixation and staged, planned conversion to internal fixation. The present review was designed to address this unresolved controversy by outlining the underlying immunopathophysiology of traumatic brain injury and providing clinical recommendations on the timing of femur shaft fracture fixation in patients with severe head injuries.
INTRODUCTION
Despite modern intensive care strategies, morbidity and mortality in the multiply injured patient with concomitant traumatic brain injury (TBI) remain unacceptably high. 1, 2 This is of particular concern, because a large number of patients with skeletal injuries that require surgical interventions also sustain an associated TBI. 3, 4 The high mortality rate in this complex patient population is often attributed to the development of secondary insults to the injured brain. [5] [6] [7] Although primary brain injury is a result of the mechanical forces applied to the brain at the time of impact, secondary brain injury is initiated by a trauma-induced, host-mediated inflammatory response, hypoxia, metabolic acidosis, cerebral fat emboli from the fracture site, and postinjury coagulopathy. [8] [9] [10] Secondary brain injury evolves over time and thus cannot be detected on initial computed tomography (CT) imaging studies. 11, 12 Accordingly, selected patients with TBI with secondary evolution of intracranial hemorrhages have been referred to as ''patients who talk and die.'' 8 It is imperative to recognize that the orthopaedic surgeon plays a pivotal role in influencing these events by potentially inducing a detrimental ''second hit'' injury to the brain 13, 14 -related to the timing and modality of femur fracture fixation-and thereby may influence the ultimate outcome of TBI patients with concomitant femur shaft fractures (Fig. 1) .
Pathophysiological Considerations
The pathophysiology of TBI is highly complex. 11, 12 Several intracerebral inflammatory processes and cascades are initiated in the intracranial compartment as a consequence of head trauma. 13, 15, 16 Brain-derived proinflammatory mediators such as cytokines, chemokines, [17] [18] [19] and complement anaphylatoxins 20 induce chemotaxis of blood-derived leukocytes across the blood-brain barrier, which exacerbate the extent of neuroinflammation and neuropathology by releasing further inflammatory mediators. 21, 22 The inflammatory response is further aggravated by ischemia/reperfusion-related insults, 14 development of cerebral edema, and intracranial hypertension. 23, 24 When patients with TBI present with additional musculoskeletal injuries, numerous systemic cascades and inflammatory reactions are activated in parallel. 25, 26 We have yet to fully comprehend the intricate interplay between the intracerebral and systemic inflammatory response, 26 which involves stress hormones, 27 neuronal signaling, 28, 29 and numerous inflammatory mediators. 30 These complex inflammatory events render the traumatized brain highly susceptible to secondary injury. The breakdown of the blood-brain barrier allows neurotoxic molecules to circulate within the intrathecal compartment. Thus, the inappropriate timing and modality of fracture management, which fails to recognize the severity of the posttraumatic neuropathology, may result in iatrogenic secondary insults and may thus represent an important limiting factor for the poor prognosis of severe TBI. 4, 6, 13, 31, 32 As a result, the optimal management of injured patients with concomitant TBI needs to be based on a thorough understanding of the pathophysiological alterations and should carefully avoid an iatrogenic ''second hit,'' which may have devastating consequences to the injured brain.
Clinical Assessment of Traumatic Brain Injury
The diagnosis of closed head injury is established by the history of trauma, the clinical status, and CT. On hospital admission, all trauma patients with suspected head injuries must be systemically assessed and resuscitated according to the American College of Surgeons' Advanced Trauma Life Support protocol. 33 A detailed neurologic evaluation is initiated only after vital functions have been stabilized. The level of consciousness can be rapidly assessed by the Glasgow Coma Scale (GCS) score, which classifies the severity of TBI as mild (GCS 14/15), moderate (GCS 9-13), or severe (GCS 3-8). 8 The classification by severity according to the GCS score is clinically relevant, because the postresuscitation score has been shown to significantly correlate with patient outcome. 34 The necessity for obtaining a head CT scan is given under the following circumstances: 1) altered level of consciousness; 2) abnormal neurologic examination; 3) differences in pupil size or reactivity; and 4) suspected skull fracture. 8 Furthermore, the CT scan should be repeated whenever there is deterioration in the patient's neurologic status.
8 Figure 2 depicts typical CT findings of secondary brain injury in a head-injured patient, including global cerebral edema ( Fig. 2A) and the secondary evolution of a frontal contusion (Fig. 2B-C) .
The immediate goal in the management of head-injured patients is the prevention of secondary brain damage by rapid correction of hypoxemia, hypotension, hypercarbia, and hypoglycemia. 8 The recommendations for initial fluid therapy consist of isotonic electrolyte solutions. 35 Only hemodynamically stable patients should undergo further diagnostics such as a craniocerebral CT scan. 8 The main priority in the early management of head-injured patients is the maintenance of an adequate cerebral perfusion pressure [CPP = mean arterial pressure (MAP) -intracranial pressure (ICP)] above 70 to 80 mmHg. 8, 36, 37 Therapeutic reduction of brain swelling includes 1) osmotic agents; 2) therapeutic cerebrospinal fluid drainage through intraventricular catheters; and (3) surgical hematoma evacuation. 8 Indications for osmotic agents such as mannitol include clinical signs of transtentorial herniation, progressive neurologic deterioration, or bilaterally dilated and nonreactive pupils. 8 The use of glucocorticoids is not recommended, but rather considered contraindicated, in head-injured patients. 38, 39 Intraventricular catheters aid in monitoring the intracranial pressure in patients with TBI and allow a therapeutic reduction of ICP by drainage of cerebrospinal fluid. 37 Continuous ICP monitoring is recommended in all patients with one of the following conditions: 1) severe head injury (GCS 8 or less) and abnormal admission CT scan; 2) severe head injury (GCS 8 or less) and normal initial CT scan but with a prolonged coma longer than 6 hours; 3) indication for surgical evacuation of intracranial hematomas; 4) delayed neurologic deterioration (GCS 8 or less) in patients with initially mild or moderate head injury; 5) requirement for prolonged mechanical ventilation, for example, as a result of operations for extracranial injuries, unless the initial CT scan is normal. 8, 36, 40, 41 A comatose patient with a significant intracerebral hematoma causing a midline shift or a patient with rapidly deteriorating neurologic status, which is unresponsive to osmotic therapy, should be taken immediately to the operating room for surgical evacuation by a craniotomy. 8 
Strategies of Femoral Shaft Fracture Fixation in Patients With Traumatic Brain Injury
Determining the ''safe'' treatment of femur shaft fractures in patients with TBI can pose a challenge. Associated fractures or abdominal injuries can act as so-called ''distracting injuries'' and shift the focus away from TBI and toward more obvious injuries. In addition, a potentially lifethreatening TBI-induced cerebral edema cannot be detected on initial head CT evaluation, because secondary brain injury evolves over time. The assessment and management of the patient with a femur shaft fracture and TBI should follow the Advanced Trauma Life Support algorithm 25, 33, 42 and requires a systematic multidisciplinary team approach for optimal outcome. Hypoxemia and hypotension must be avoided at all times, because both parameters exacerbate posttraumatic edema and contribute to adverse outcome after TBI. 35, 43 Fluid resuscitation and adequate oxygenation as well as monitoring and maintaining CPP above 70 mmHg help prevent hypoxemia and hypotension. 35, 43, 44 ''Damage control resuscitation'' principles have been recommended for the management of patients with TBI with postinjury coagulopathy. [45] [46] [47] [48] Of note, glucose-based crystalloid fluids are considered contraindicated in patients with TBI because they may induce secondary brain injury related to hyperglycemic effects. [49] [50] [51] Hyperglycemia induces local acidosis and oxidative stress, promotes edema formation, impairs nitric oxide-mediated vasodilation, and triggers inflammation. [48] [49] [50] [51] [52] In addition, ''damage control mechanical ventilation'' strategies have been described aimed at avoiding oxygen toxicity. 53, 54 A potential pitfall is represented by the entity of ''occult hypoperfusion,'' which entails patients who are apparently hemodynamically stable and resuscitated but have an ongoing metabolic acidosis as defined by a serum lactate greater than 2.5 mmol/L. 47 In patients with severe TBI, the early correction of metabolic acidosis has been associated with a significant reduction of intensive care unit length of stay and an earlier discharge to a neurorehabilitation facility. 9 During the first 24 hours, any unnecessary surgical interventions, including intramedullary fracture fixation, may negatively alter the patient's MAP, resulting in deterioration of the CPP and aggravation of secondary brain injury. 55 Thus, surgical procedures in hemodynamically unstable patients with multisystem trauma should initially be limited to life-saving emergency procedures and ''damage control'' surgery. 25, 33, 42, 55 Once resuscitation is completed and intracranial pathology has been adequately addressed, the treating surgeon is confronted with three distinct options for fixation of an associated femur shaft fracture: 1) definitive treatment with traction to the injured limb; 2) ''early total care,'' that is, immediate intramedullary fixation of the femoral fracture within the first 24 hours; or 3) a staged ''damage control'' approach with immediate temporary stabilization of the femoral shaft (by means of external fixation or skeletal traction) and delayed definitive intramedullary nailing once resuscitation end points are met and the patient's hyperinflammatory response has subsided.
To date, there is a lack of solid Level 1 or Level 2 evidence addressing the ideal treatment modality for patients with TBI and concomitant femoral shaft fractures. Definitive treatment of femoral shaft fractures in traction may represent the most convenient option for the surgeon. However, a nonstabilized fracture greatly increases the ''antigenic load'' (pain and stress), increasing the overall trauma burden, and promoting systemic inflammation, intracranial edema, and fat emboli from the fracture site, aggravating the patient's secondary brain injuries. 25, 26, 56, 57 Moreover, the lack of adequate positioning and mobilization puts the patient at risk for pressure sores, thromboembolic events, and pulmonary complications. In contrast, early fracture fixation reduces the ''antigenic load,'' allows early mobilization and adequate positioning options in the intensive care unit, and helps prevent pulmonary complications. 58 Thus, the early fixation of femur shaft fractures appears to be a superior treatment modality in patients with severe TBI. Of note, the ''ideal'' timing of definitive femur fixation remains a topic of lively debate and no authoritative, evidence-based guidelines exist until present. 59, 60 Numerous studies claim that timing of definitive femur shaft fracture fixation in patients with TBI does not influence morbidity, mortality, or neurologic outcome. [61] [62] [63] [64] [65] [66] [67] Advocates of ''early total care'' in patients with femoral shaft fractures describe decreased mortality and superior outcome if definitive femur fixation occurs within the first 24 to 48 hours of admission, 68 even in the presence of associated combined chest and head injuries. [68] [69] [70] Seibel and colleagues described a reduced incidence of complications and intensive care unit length of stay when patients were definitively treated within 24 hours. 71 Multiple retrospective and prospective studies report reduced pulmonary complications when fractures are definitively treated less than 24 hours versus greater than 24 hours. 58, [72] [73] [74] However, from a pathophysiological standpoint, the inadequately resuscitated patient is challenged by the ''lethal triad'' consisting of metabolic acidosis, hypothermia, and coagulopathy. 48 There is evidence that early definitive fracture fixation with prolonged operative times may aggravate this vicious circle. Significantly increased ICPs and decreased CPPs have been described to occur during intramedullary femoral nailing procedures. [75] [76] [77] In addition, cerebral microemboli in patients undergoing femoral nailing have been detected by transcranial Doppler. 78 Thus, ''early total care'' in patients with severe brain injury may result in increased incidence of hypotensive events and lower CPPs, 79, 80 both of which are independent predictors of adverse outcome after TBI. 81 In parallel, early intramedullary femoral fracture stabilization has been reported to result in a higher pulmonary embolic load when compared with primary external fixation, 82 placing the patient at risk for not only severe cerebral, but also serious pulmonary complications. 83, 84 The standard approach of ''early total care'' for isolated fractures may be a suboptimal treatment approach in head-injured patients by increasing ICP and decreasing CPP, thus contributing to the adverse sequelae leading to secondary brain injury (Fig. 1) . 75, 77, 79, 85, 86 In contrast, the ''damage control'' concept with immediate temporary stabilization through external fixation, when possible, or some form of skeletal traction when not, gives the highest priority to early transfer to intensive care. 4, 55 To minimize serious complications, advocates of ''damage control orthopaedics'' (DCO) support a staged surgical approach in patients with TBI with associated femoral fractures, implying the immediate external stabilization as a bridge toward eventual definitive fixation during the ''time window of opportunity'' once the patient is fully resuscitated and the hyperinflammatory response has subsided. 4, 55, 87 DCO is based on the pathophysiological understanding that primary definitive surgery might create too much of an additional inflammatory burden to the polytraumatized patient, causing a ''second hit'' injury. 88, 89 DCO is carried out in coordination with acute resuscitation and hemodynamic stabilization and allows for fracture stabilization with minimal blood loss and anesthesia time. [90] [91] [92] Thus, this concept uses the proven benefits of early fracture stabilization while minimizing the potential risk for increased morbidity and mortality from prolonged operative exposure. 83, 90 In this regard, the staged conversion of external fixation to intramedullary nailing of femur shaft fractures within the first 2 weeks has been shown to be safe and feasible. 93 Figure 3 illustrates the inflammatory state, the underlying pathophysiology as well as the resulting surgical principles ''side-by-side'' to in-depth demonstrate the ''common sense'' rationale of DCO in patients with TBI with associated femur shaft fractures.
CONCLUSION
Severely injured patients with TBI and associated femoral shaft fractures represent a highly challenging and vulnerable patient population. A multidisciplinary approach, involving trauma surgeons, neurosurgeons, intensive care unit anesthetists as well as orthopaedic trauma surgeons is necessary to ensure optimal and successful management of these patients. Ideal timing and modalities for fixation of associated femoral shaft fractures require a thorough understanding of the underlying immunopathophysiology. A ''damage control'' approach may be applied to patients who sustained isolated femoral fractures with associated moderate or severe TBI (GCS 3-13) as well as to the severely polytraumatized patient with concomitant injuries to the chest and/or abdomen or multiple fractures. Figure 4 depicts a clinical case of successful ''damage control'' management of a patient with bilateral femur fractures and concomitant TBI. In contrast, ''early total care'' principles may be considered in patients with isolated femur fractures and mild TBI (GCS 14-15), for example, in the case of a cerebral concussion.
Although large randomized clinical trials have yet to undoubtedly scientifically proof the superiority of either DCO or ''early total care'' 94, 95 and establish which patients benefit most from this management modality, a treatment concept that is based on the pathophysiological understanding of the intricate inflammatory interplay triggered by TBI and concomitant skeletal fractures will provide the patient with the best possible overall outcome. A very recent retrospective cohort analysis of 3069 patients sustaining multisystem trauma with femoral shaft fractures reported that delayed repair of femur shaft fractures beyond 12 hours and after appropriate resuscitation reduced mortality by 50% when compared with patients undergoing ''early total care,'' supporting the benefit of the damage control concept in multisystem trauma, particularly in the subgroup of patients with associated head or neck injuries. 96 Large randomized multicenter trails are needed to evaluate the validity of the DCO concept in patients with TBI with concomitant femur shaft fractures to establish more ''clear-cut'' evidence-based recommendations, guidelines, and treatment algorithms. Until higher-level evidence data are available, we recommend the following management strategy for femur shaft fractures in head-injured patients: 1. Apply ''early total care'' by femoral intramedullary nailing in all patients with mild TBI, GCS of 14 or 15 points, and normal craniocerebral CT scan (if available), unless intramedullary nailing is contraindicated for other reasons (eg, severe chest injury, traumatic-hemorrhagic shock, and so on); 2. Apply a ''damage control'' procedure by external femur fixation in all patients with severe TBI either defined by a GCS 8 points or less (comatose patients) and/or the presence of significant intracranial pathology on CT scan (edema, midline shift, sub-/epidural bleeding, open head injury with intracranial air); 3. Consider a ''damage control'' procedure by external femur fixation in all patients with moderate TBI either with a GCS of 9 to 13 points or in the presence of ''minor'' intracranial pathology on CT scan (eg, traumatic subarachnoid bleeding) in patients with GCS of 14 or 15; 4. Consider conversion from external to internal fixation in patients with TBI who recovered from a comatose state and are awake and alert (GCS greater than 12) or comatose patients with a stable ICP (less than 20 mmHg) and CPP (greater than 80 mmHg) for more than 48 hours. In summary, until more conclusive data are available, orthopaedic trauma surgeons need to base their clinical approach on knowledge of physiology, logic, and the accumulated experience. The outlined algorithm presents a possible clinical guidance for timing and modality of femur shaft fracture fixation in head-injured patients. Case example of ''damage control orthopaedics'' in a 40-year-old patient with bilateral femoral fractures and severe traumatic brain injury after a high-speed motorcycle collision. The initial head computed tomographic scan shows a right-sided intracerebral contusion, left-sided frontal subdural hematoma, and bilateral subarachnoid hemorrhage (A). The patient also sustained a right distal femur fracture, a left femur shaft fracture, and ipsilateral patella fracture and extracapsular femoral neck fracture. Initial fracture fixation consisted of spanning external fixators on bilateral femora and definitive fixation of the femoral neck fracture by a sliding hip screw plate and a cannulated antirotation screw (B-F). Seven days after injury, the patient had recovered from the severe brain injury, and scheduled conversion to internal fixation was performed on bilateral femur fractures (G-J). Radiographs taken at 12-months follow up show completely healed femur fractures and a status post locking plate removal on the right side as a result of symptomatic hardware (K-M).
